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I am attt\ching herewith three copies sach of iwo reports

' ca?uphﬁng Item 2 of contract W535 ac-38886, Theoe roports are "Ine
 vestipation of Jet Propulolon Devices", by M. Kulik and “Erporimontal

:rnvoatlntion of High HeatwReleaso Combustion Chambara®, by Os Cy Cromor

and & E. Yingat,
The £irst of theso roporto reviews the resulta of our inves.

‘tigation of Job propulslvo dovices from both a thcorotinal and oxpori-

mental standpoint, Tho thoorotical study has bo'n mdo to invostigato
the influsnce of various factors on the officicncy of jot propulsion
systems and alaso a theorotical and expovimental study of factors that
might load to improvoment in tho application of thesc systems. in tho
invostigation of tho possiblo mothods of improvoments, oxporimcntal and
theorotical atu&in,s havo bazn mado on tho poonibilitics of thrust avge
nentors, Tho ‘wisulto of our studies, have shown that under cortain
conditions 4t is possiblo to intreass the thrust of a Jot engino by
About 508, This advantazo is obbaincd enly at low rlocitics and would
bo of value undos takesoff conditionss
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'rho socond roport in comploting this itom ia concornod with
the oxporimontal dnvestigation of high hoat~roloasgo eombustion chamburae
This part of the invostigation is a continuation of o previous roport
furnishod you ot this same aubjects It sas fownd that heat-roleago
as high as 20,000,000 Btu/hr por cu £t of corrocted burnor volumo could
bo obtaincd. Tho tomporatures in the burnor to obdaln such high heate
rolensces wore in excoss of 2800°F which causcd matcrinl probloms. Somo
sxperimontal work was dono in carlior dosigns to doterming the offoct
of cooling of burnor walla by moking a burnor with coil of 1/4" atcol
tubing through which cooling water was circulated, It wao found that
tho combustion process was axtremoly eritieal to tho burncy will tome
poraturc. Any olisht roductlion in the tcmporature of tho Lumcr wall
rosulted in dncomplote cerbustion within tha bvrace chamb.prs  Subscquent
dosignes attempted to control wall terporaturc by combustion air eire
culation.

Reopeetfully aubm:lttcd,
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As A. Pottor
Dasn of the Scheola of Inging.ring and
Dirvetor of Enpinu.ring Bopuriment Staticn
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Thie inveatigotion wao conoerned with the design of a nigh

rato hoaterolonse combustion chambor wvhich would operate consistently,

v ,dapandhbly, and officiently, the grsatost emphasis being placed on the

Pirst two of thase oporating charsctoristics.

Tho roloase of great ouentitles of hsat 1n » smsdl volume and
vith low prossure drop in tho burnor presents a nusber of difficult
problema. Thie imveetigation hos boen covcornsd with a fundamontal
study of tho factors which influenco tho dusign ond performance of
such a combustion chambor. %5hia has xosultod in many exporiments with
diffarent deaigno, ond facte loarnsd through thoso experinonts have
beon usad to progrogssively refine the designa.

Provious mork on tho subjeut hed shown that hoaderolense rates
a8 high es 20,000,000 8/hr par cublc £t of corracted burner volusa
could bo obtainod, i,0., that it was poosible to o control tha nlxing
of fuol ond alw, the ignition of tho mixturo and the burning of ti o
mixturo that tho great hest-relonse rate glven sbove could be reschod,
Such heat-rolease ratss wore malnteinod for only a short poriod st
tho boginniug of this work, howaver. Tho high heat-releasco ratos weroe
accompandiod by rapid detorioration of the burnor by tho high tempera-
turcs reached in the combustion procoss, Tempsrstures in oxcess of
2@000 F woro dovelopsd in all of the chazbore tosted, Cbviously, the

cusstion of materials to withstand such temporstures was a difficult

one. This problem was tho limiting fector in all work done, Al
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the Mrm tanparatures within the burner than by any othor considere
ation, for vory 1ittle could ba dono to improve starting operation,
officiency, oto,, until a chambor having a burner with an appreciable

lifo was perfoocted,

Sinso 1Y wes imposyible to sacure burner materials which
would withotund tho oxceosive temperaturss of the combustion procoss,
o differont approach to the problem was used, Combustion chambors
woro denignad with tho 1don of cooling the walls of tho burner to o
oofe oporating temporeture. In an oarly design, the portion of the
burnor nhore tho grostos corbustion ocourrsd was a coil of 1/4" stool
tubing through which cooling wator was circulated, Tho flow of wabtor
could bo rogulated ao aa to maintain difforont burnor toporstur-s,
Although this buraer was found im;:racucal, one laportant polnt way
obaerved: tho combustion procese was oxtromely criticsl to the burnes

wall temporature,

Tho idena of cooling the burnsr by circulating a liquid coolant
was absndonod. Instead, the largs quantities of air uswd in eomhustion

waro utilizod for cooling purposos, A number of chambers wera deoignod

8o that tho flow of odr was uaod to cool tho burner. Soms of thoso

donigns wore fallurso, othors woro satiefactory. 1ln general, howsver,

tho utilizing of tho combustion alr for cooling the burnor showsd grost

promise, lany proviously unhaown facts woro losrned ond a nunbor of

old probless wors solvod by thoe now approach.
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dopdfine ari»i;ved at woro influonced moro by the nocsssity of withstanding
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Tho problens oncownterad and the measuras taken to sclve

sre diooissed 4n dotail under Combustion Chamber Studies, It

iid bo emphooiged that tho oolutions Lo those problams how eev

¢ and oaoily understond; bowgver, wt the timo they wore encount ared
they wore of msjor importoneo bocnuso of the lack of knowlege as tc
tholr Jmprotanto in the ovoerall dovalopmant of the combustior ohaaber,

A combuntion chamboxr hag beon deasignod and budlt lucorporsting
sll tho knovle*ge and oxporience goinod through observatlons un and
oxpericnco with provious chambers. Ito oporntion has confiimed the
volidity of cortodn idoan rege.ding tho deglgn of the chambar,

I3, onoger

The ohjact of this investigation wes o wsvelsy fundwwmsial
information on the desipn of high heat.roloass rate corbiation ol scber,,
Tho 1deal cembustion chushnr wae Lo be sultablo for applisstion to
Jobt propulsion powor units or gay turblnss or coubinatluns of both.
Tho eonbustion ehanber vaz to be amall in size, consigbent in opere~
tinn, and was to be capsblo of liherating soveral million Btu por hour
per onble fool of combustion chamber volume, Furthormore, a combusting
chanbor of aimple design having an opprocidblo life was desived,

This Lavestigetion wus carrioed on with these basle requirc-
monts in nind, Although tho combustion chasbor was to be aultsblo

for applicntion with job propuleion dovices aund also gas turbines, no

attempt was made to study or favestigate eithor ot propulslon units
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wlyer
v thon to get information concorning tho com-

of aﬁoh, units, This investioation wae concernod

h the study of the effoct of dowdgn on a high host-roleeso rate

Pigure Ll in thc; Appondix 10 a dleprom of the arrangement
of tho apparatus usad in the invostigation of tho hish hoat-rsloaso
rato combustion chambors. DBasically tho spparatus ~onsieted of two
£flow cirouitsr ons for tho fuel and ono for the alr. Ho. 3 grade fuol
oil havisg an A.P.Y. vnlue of 38 wns used as tho fuol., It wao folt
that raprosantative results could be obtelned with such a fuwl elme
1ta heablng valuo comcarcd “nvarsbly wiih Laub ol wine. o.oi3al fuels
such ag k~------ . :7w grado gasolino. In addition, tho No. 3 grado
oil was botter sufted from the safoty stondpoint, end facilities for
haniling that grade fuol woro alrasdy avallable in tho ladoratory.
‘ #hon tho invostigation was firat startod, tho idea of using
a goar pump lop celivery of tho fuol oil under prossure to tho fuol
nozzle seogod worthwhilo, lLator, howovor, the mothod ohown in Pig, 11
was adopted, This fuol oystem cansicted of a fuol oupply tonk, s
proasuro supply tank, a faol-rato gago, and such contrel valves and
gaoges as wero mocossary. The fuol supply bonk was o cylindriecal, steol
tank capablo of withstanding presoures of 2000 pof or morop 1t hed o
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t: of sbout 18 gallomn. The prossurs was supplisd by niirogen
in cominercial nitrogon bottles which wore connected directly to ‘he

apparatus. Valves woro installed so that any given preseure (up to

~ the sifety mit of ths fittings) could Lo maintained.

The rate of fuol consumption wss moasured by a rotemetor
placed in tho fuol Mne Just shead of the fuel flow control valve.
Thio rotamotor rosd directly in pounds per hr and had beon ealib.atod
ospocially for tho fuol used by the memufastursy. The rate of flow
was controlled by the fuol flow control vavle and the pressurs of the
fuol ab tho noszzlo could bo road, Sovorsl differsat copasity fuel
nogeles worouwed and nozzlos with difforent oprar angles sore tosted
to find the oms having tho bost charnoteoristics,

Tho olr oupply wao compoood of two oyotomdp - a primary sir
supply and & socondary oir supply. The roasonn bohind tho two nrpe *ate
oir oupplios aro givoen in doetall &n Combustion Chambor Studles, At
firot ono oir oupply wos oufffoSent, This waa lator cslled the primary
olr oupply. Thie olr oupply wao composod of o comprossor driven by
an A.C. motor, a storpgo tonk with a rolief valve, s control valve
for rogulating tho flsm of alr to the combustion chambor, and a prea-
euro gaps. Tho primary air was introducod ot ths bottom of tha chamber
Just ahoad of tho fusl-sir cono. The compressor wao a four oylinder,
singlo=atage compreasor capable of delivering air ot 135 poln prooe-
suro, The voluzn of air cupplicd wos meuourod by o displacement typo

aator placed at the inlet to the compresscor. This single alr suyply
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ased Aa the iavestigation of the first fouwr cheater dealyns,
1% Jater became nessssary to add an additlonul alr mu

ity
) 5 the set-up. This wms Uhe secondsry or Llow pressure air ou;ly.
i *m sir supply comtained s coapresscr driven by e 0.C. motor,
conivel valves for regulating the smnuat and distriutinn of Ll a'r,
o reltol wlve for sdiusting the prossure head cn the -omre.swor, ard
o prosowre gags. The comprusscr was n Roots tyre. The vol wa of a'r
flouing wes asasured by an orifice meter pluned on the iniet to tne
CRPressut,
The combustion chasders were tusted in a vertical prsitien,
Thoy wers all meunted on scales 9o that the asount of theust 56110 bo
atagsured. The thrust ssssurements were dirortinued, heriver, ta<a s
ae offeedire way of itolating the combust' r ~hi:bss froe the effs L3
of the alr leads was found, The exhiauat 2aoes foum tha < riuetten
shasbers were expolled into 7a exhaust Lood conneited ‘o » stack,
Senause of limstatirna of spacs the {gniticn syotem 18 rot
stown ia Pig. 11. The fuel-air aixtupe wes ignited by a spark from a
spark plue. The spark wes sup;lied by a ejark coil and batteries
Although & sunber of difficulties wers encountered in the igaition of
the sharges, the sare apparstus wes urad with all of the combusting

chesbare,
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IV EMTRODUCTION

Frovious work hed shown that i1t was possible to releass grest

quantitics of heat in 6 amall cogbustion volume. In faot, heat ro.
leasos ac high as 20,000,000 B/hr por cubic foot of corroctad torbuse
tion chanmber wolume had boon obtainod, Such heat-rolease roton woro
maintsined for only brief perioda, howovor,

Tho ultimate goal of oxtonding the poricd of high host-rolenso
rate to an approcioblo or ussful loagth of time presonted a number of
porplexing, difficult problema. Purthormore, most of these problems

were interralated to guch on extort that the solution of sne sorilouoly

BT A

and sdvorsely affoctod the others. As a result, tho investigation of
high hest.rslcsco rate combustion chambers became a teok of considering
in turn the offect of a number of known varietlee on tho oversll reve
formance of tho chamber, dociiving chambers accordingly, urd thon
tosting thom. '

It should bo obvious that such a ;rocodure wno lengthy and !
jinvolvad., Howover, this procovurc was valushle in that a numbor of “
interosting and important facte bosamo known that might othoruiase havo
renadnod obscure axcept for this trial and orror method.

The problen of rolonoing groat quantitien of hoat 1o not in ;
itsolf s great nrotlem, but tho problom of groat hoaterolesse ratosn i -
in a emall volums snd with cortain limitations as to proportlons of the ERT
conbustion chambor, volociticn throughout tho chambor, prossures with-
in the chamber, officionoy of combustion, consistoncy of opcration,
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. control of t«mpemtureé throughout the chamber, dursbility of tha
B
A chanber nder operating conditions, matoriala available and suitable

for the chambor, ease with which combustlon ocan be staried in the

chaaber, and suitablo ignitior mothods bocame oxceedingly compl e,

. Some of the limitations just mentloned were not obvious st
the beginning of this investigetion; in sttompting to meot certain
"of tha limitations, others came into boing. That 1s, it sson beeumo
ovident thet in coi o cases At wos lmpooaible to Fulfill eortein ro-
quiresents mithout infylzing cn certaln other onos. Thuz, addit!onal

limitations wero imposed on those already axioting,

e o

PFor example, the officienoy of combustion wap influcnced by
the velooitios of the gasco through the chambory the volesitios of
the gages influonced the temporatures witiln the chasber, end the
tLeoporstures within the chozbor influenced tho offlcioncy of tho come
bustion us woll as & numbor of othor thinge. Now, if the veloeity
of tho goses through the chamber wore changed to lmprove the combuvtion
efficiency, this chango would causo changos in teaporatusres within the
chanbor vhich would in turn affoct the combuation efliclency, parhaps !
sdvorsely. Thuo, ono chango causell an unanticipated chanso which ine
duced otill anobther chango.

It alwuldn't bo diffioult to approciate tho problams inpoued ot

by osuch a high dogres of depsndency of tho variasbles In an investige~ -

"

tion such as this. As a rosult of this dopendoney, progross ia dow

voloping & ouitsblo chambor was olow ond tedious. It necocsnitated
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; profiram of constructing a chamber, testing it, anelyzing its por-
- fortance, In some ocasos those changes were benofioclsl; in othors,
thoy wars eithor owtral or oven dotrimental to perf;)mnnoo.

A great amount of information was gatherod on tho problem
of the high heatrolease rate combustion ohambor. This information
is in a rather intangiLlo form, however, i.e., It canact be put down
as duta in table form, As yot, it hao boen impossible to test a
charbopr to such an extont that performanco oharasteristice can be

recorded for study and ennlysio. I the proccos of teoting chembor

T IR« e o

deoigne, certain fuets havoe bocomo known, ususlly by obaorvation,

and thase facts have influenced the design of tho next chamber., Thus,
the knowledgs on tho subject io not revealed by tablen of data or
sordos of porformance curves, but rather by progressive rofinemsqte

in combustion chamber designa.

V. COMBUSTION CHANBFR STURIES
1t wao chown in an oarlior raoport en thies projeot th. the

very high hont roloaso rate io ascomplished at the ozponse of soubue.

tion ohnmber 1lifo, 1.0,, the combustion chamber, particularly tho

burnor, detorioratos rapidly becauso of the high tomporaturcs anccom-

panying the high hoat.reloase rate. Tho raport further showed that S e
conbustion-chambhor 1ife could bo prolengsd by docressing tho hoste ‘
reloose rate. Thus, o cholco oxisted betwoen high heat-rolease raten

with short burner 1ife or low heat-rolenso rates with long burner life,
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Nelthor of these two oxtremes 1o entirely desirable
doos eithier ono ropresent any partioular accomplishmont. Tho real
lem 46 that of obtaining high heat-rolesso rates and aleo long
burnes Y1ife, Therefore, the object of this investigation huo Leon to
d lop & -combustion chardbor which will liborate host at rates axe

oeading 20,000,000 B/hr per cublo foot of corrected gombustion chribey
volume, which will operata consistently cad efficiently, and which
will have an appracinble 1ife,

Bofora going further, s description of the goneral
arrangsgont of the combustion charbor chould be given. Tho combustior
charbor essembly wie made up of & burner unit, a fusl nossle and air
cons unit, sn exhoust nozzle, an sir inlet and tho combustion chambor
wallas ombracing the ontiro sssembly. Tho combuatinn chambor was plazed
§n a vertical position for convenionco,

Tho burnor unit whore combustion actually took plona
was a cylindrical chonbyr soparatod from tho combustion chambor walls
by an annilar air spuco. AL tho bottom of tho combustion oharbor wae
tho air inlet allowlng tho air to entor vortleelly and contrally. In
tho peth of the air stream was on alr cono containing tho fuol nozzle
and porforatad with oir holos to allow alr to eptor around the nopzle
and aix with the fusl. Tho novale waas in the apox of the cono and
sprayed tho fuel in the dirsstion of oir flow; the upex of Lhe cono
pointed opposito the direstion of air flow. A opark plug was plread

. .w..nwwamww\éw%ﬁ%m? i
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that a ggggk ccourred in tho alr c¢ono and ignited the rich rirture.
o "'l‘hewbumlns rich mixturo was discharged fram the air coae
into the burncr. The lower portion of thoe burner contained & mising
~ chambery this mining chamber contained air holes or spaces which al-

v

-Jowed more alr to mix with the rich mixture to produco & highly come
bustible mixturs. Burning thon ocourred in the upper portion of the
burnor and tho hot gases were dischargoed through the exhaust nox:ls,
This orrangoement .of tho combustion chamber wos vsed thiough-
out the entiro invootigation excopt for cortailn ochsqges which will ho

mentionsd lator An this report. Figuro 4 shows tho combustion chacber

e

N ———

ammoxbly just dosoribed.

Tho dooign of tho burncr was thoe sourca of groatest trouble,
Tho two preblems cousing difficulty wore proper mixing of fusl and
alr and roolotance of tho bur er to tho intonse host of tho combuae
tion procosa, Tho operntion of ths chambor wag exiremoly eoritical
to tho fuoleair ratio of the mixturo and to tho position within the
burnor whoro propor mixing was achieved, Thoso facts were of grost
{afluenco in the design of the burnora., A numbor of different burnoro
woro designod and tosted., Tho vame casbuntion chamber gxsembly shown
in Fig. 4 wao used ezoopt for ths burner,

Tho quontion of finding aastorials for the burnor was tho
primory problem in the dasign of tho combustion chamber, Tom oratures
in axceas of :«.’900o F wore doveloped in 51l the chambors designod,
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‘onstructed, and tosted, Obviously, the selection of materials to
iithiatand such tomporaturen was a difficult ono. A number of ideas
relative to motorials wore eithor tested in actusl practice or in.
vesti.gated' through literature and actual corrsspondence with monu-
facturera.

The ides ;)l' coramic matoriale for the Lurgor itoulf seomed

vorthy of exporimental ntudy, o a burnor unit wes constructed alcng

. this lino. This burner unit, burnor Mo, 1, is shown in Fig. 1. ‘fhe

portion of tho burner whore the groatemt combustion occurrcd wus o
porealain oylindor 2-3/4" x 7" with 3/16" walls, The lower portion
+¢ tho burner was o mixing ohambor. This contained & number of oir
hites and sorvod tc? produco 8 combustible mixture from the rlch mixture
pr wonding from tho rogion of the fuel neizlo and alr ecna

A wwber of such burners woro tosted, and the results wore

vory bad. In 2ach case, the porcolaln section wes brolten end fractured

into many wogronio, Tho manufacturer hod specified en uppoer Lemparnturs

Untt of 3000°F for this porcolain and thoro Was mo ruason to bolievo
that this 1imit had boen approachod within 300°F. Othor causeo for
follurs may havd beon ui:ocko duo to vibrations within tho burnor or
otrasaes withia tho wolia caused by a diftoronoe; in tompovatura boteson
the intorior and the extorior u:;rtacoo of the burnor. "

Thio burnor was sbandorad in favor of & .da:dan along 0if-
feront linss. Since it wns imposolibla Lo sscure a host resistaat
matorial, the problem was approached from tho standpoint of ¢c " 'ng

the walls of the burnor to s safe operating tomj..raturc

[N
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acfion wan exployod. Thic water coolod sestion was the portion of tho
ifvb%ﬁ:"no:x; where the groates hest releaso occurrod‘ nd dotarmined from
pywioun exporimonta, Thio burner, dburner No, 2, is shown in Fig. 2.
o ’l‘ c 710‘!‘» waction was o mixing ohanmbory alr entered through tho air

4 -
<

holés and producad & highly combuoctible mixturo from the rich mixturo

1‘“1&112& from the air ocone, The center section of tho burner was the
conbuation space and was the wator coolod eoction. Thin section wna
s coil made of 1/4" ohromiup-ploted, stesl tubing, The uppor soctior
wan & plain oteel oylindor conducting the exhaust gases to the exhaust
nozzlo. Those formoed a eylindrical burner 2-1/2" 1.0. x 11-1/2" in
lenzth.

The oontor section wse forted as & looae coll with apacos
betuocen suceenoive turne, Those opaces were for tho purpose of pllowing
air to ontor tho burnor, Thoro wors indleationn thet additional alr
wao advantagoous ot this point in tho burnor, Furthermore, air passing
through thoso spacos would have a cooling offaot upon the wallas of the
burnor. The principal ecsoling, howovor, was dono by water circulating
through tha coila,

The [lrat Lenta with the burrew wnra nat amt{gale qotiefactors,
1t was almont impossible to rotain the combustion within the burner.

Thio caused vory poor rporation, The cusatity of fuel wused wzs very

R

1imted ond the ability to create any progsuro within the burper was

SRR S B



the turner was boing cooled oo much thot the rate of combustion wrv ro-

torded to the extont that the rote of flov af charge through the burner
exceoded tho rate of burning of tho charge.

A baffle wap then placed in the combusticn chambor assenmbly
in such & manner that almost all of the air entered tho burnor through
the air cons and vory little aly roachod the cooling coil, In thio way,
mixing was assured at tho entrance to the burnor, and also the tomper-
aturs of tho wolio of the burnor sould be contrellad by controlling the
flow of wator through tho cooling coil.

DBooause ef tho 'comploxity of the burnor and the todlous and
criticsl nature of the control of its oporetion, the burnor dosign wus
put anide in favor of a ulmpior doaign. Sinco largo ouantitioes of alr
wors brought into the combustion chambor for combustion within tho
burnor, & plan wna dovisod for using this oir to cool the walls,

Ir mravious chonbors detorioration of the walls by tho heat
within tho burner could havo boon proventod hnd the hoat boen readily
tranomitted through the walls ¢o tho surrounding layor of air, To

focilitoto tho tranofor of this hoot, the air must scour tho walls of
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Furthermoro, more heat could be transforred if th~ ratio

1o ﬁ’ﬁila’r burnor. The burner shown in Pig, 4 wvas o modifiocstion of

'fﬁd"oﬁilm dosign. The basic doolgn wos thoe samo in both vasen, how-

evar. Burner No. 3 was constructed of 3, vortiocal elements fitted into
two ond plesces., Those clements wore made of 1/8" x 1/2" cold roll stool
and vore fittod into milled slots in tho annular shapod end soctions,
These slots wore milled at &50 with the radil of tho annular ond neo-
tionn., The assombly formod a burnor 2-3/8% I.D. x 11-1/2" 4in longth,
The vortical elemonts woro assombled with about 0,003" wids air gyaces,
Theso air spaces produced a tangentisl movemant within tho burner pro-
viding necded turbulonce. Tho vortleal elements gave & large rstle of
conled surfaco to hoated purfaco,

Tho first tests with tho new burner were rathor unsatiosfastery.
Tho main souros of troublo waa combustiop ¢aking placo beyond tho ox-
houst nosszle, Excopt on raro oocasions combustion cuuld not be cone
finod to tho burnor alonc. The roason for this appoarecd to bo that too
much air wos entoring near the top of tho burner. Consoouontly, the
optimum mixture conditions woro boing cotablished at the exhoust .ozzlo,

and the chargo was going out tho oxhaust nozale before combustlon could

take placo,
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In an attempt to remody this.condition rows of holes were
drilled around the hase of the burner to allow more air to entor at the
bottom, Tests shonod a definite improvement in the performance of the
combustion chamber, However, the operation of the chamber wes very une
steady, enu control of it was vory difficult, More holes wers drilled
in the base section of tho burier to allow evoa more eir to cater nosr
the bottom. This did not improve tho performance to o noticeabls do-
groe, As a finnl change An tho apparatus, the srca of the arthaust
nogzle was deoroased. This change mado a defianlte improvement i1 pore
formance, Combustion could bo restricted to the burner slone; howevor,
tho capscity of tho burner to burn fuol was docresped, The teats on
thios burner indicated that: the volocity through the burnor must be
alow onough to allow combustion to go to completion within the burper;
8 highly combustiblo mixturo must bo reached at the entrsace to the
burnor; and somo of the capucity of tho t-rner to burn fucl must ba
oacrificed in order to got combvation to ocour ccmplelely within the
burner.

fhon tho burnor was inspocted aftor operation, it wne found
to L8 in a bad stato of ropnir, Tho vertical olemants wore conslderebly
distorted and showod ovidenco of high tomperatures, la this burnor
design no spaco had boen allowaé botwoon tho ol rfuol cone and tho
burnes, Consvouently, tho burnor could nst expand froely under the
stigults of the high temporstures and diatortsd itssl! bocouso of this

restriction.

I IR
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The burnor was ropaired and subjected to further tests, In
these tosts the burner did not porform sotisfactorily. Combuation would
not ocour within the burner oxcopt at infroouent intervals and in genoral
the perforrance ras very erratic., At timoa whon combustion was occurring
within tho burner tho capacity was very low. No. sppracisble pres-

oure could be bullt-up within tho chambor, so the amount of fuel that

could be burnod was aloo low,

it was obsorved curly in vtho work on combustion chambers that
the capacity of a oombustion chomber, or the amount of fuol that-could
be burned within tho burnor, wns dependent upon the prussure within the
chambor. This fact was confirmed in each duesign tried, Until un appro-
ciable pressurc of from 15 to 20 psig was obtolned In the burnor, the
smount of fuel that could bo burned was smnll, Tho ex;lanation of the
rolationship betwoan capatity and proosure is discussed lutor in Analyals
of Resulta, Therofore, it 15 suificiont here meicly to mention the
fact that tho prossuro that could be bullteup within a burner had a
diroct effest upon tho capscity of tho burnor,

S8ince the presouro that could bo bullt—up within the chamber
wao low and tho porformance was unpoliablo, this combustion chamber
design wos shelvod, Aftor the tests the burnar was oxamined ond again
found to be in a very bad condition. The vortical elements were badly
buokled and twiatod., Thoy were not burned by the flams, Tho dasage
was undoubtedly caused by their inability to oxpand. It wao obvious

that the burner dosign must bo altered, {ith a burncr undorgoing siych
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distortions it was impossible to maintaln constant conditions long
onogizh to form an opindon of tho porformance charasteristics of the
chanber, This groat distortion explained a groat extent the erratic
performance of the burnor, This burner design was, therefore, shslved,
and a new burner wag designod incorporating & numbor of changes suggested
by the experionce with tho provious burner.

The new burnor, burner No, 4, wns basically tho seme as the
precsding one, the principnl differonce being the arrangament of the
vortioal air slots, In thia now burner the slots wore tapored, i.e,,
the spacens between thu vortical elements woro groator at the bottom
than at the top. In fast, thors wors no spaces betvoen tho elements
ot the top. Sinco, with tho previouo burnor, couhuction wao taldng
place outside the axhaust noazzle, it was nocoovary to introduca the sir
nearor tho bottom of tho burner, Tho vortical elemsats wero, therefore,
placed oo that mont of tho air entorod the burnsr at tho bottom and
progreasivoly smallor amounts entored near the top.

1a tho provisus burnor, tho effect of expanalon of the vertical
elenonta was very destructivo to the burnor, To allow for the expansion,
the burnor waa suspondod within tha combustion chambor with a 1/167 apane
botwssn the sir-fuel cone and the buraasr, Around the top of the burnor
wns & lip which rostad on 8 ring ploced in the comdbustion chamber jJust
bolow the axhaust nozzlo afd thus ouspended the burner in the chamber.

Pigures 3 and 4 in tho Appondix show this burner in dotail.

P
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In proliminary tests with this new burnor, cambustion still
wag nob confined entirely to the burner. Although thore was a definite
improvemant which indicoted that the Lntroduction of air at the bottom
was part of tho snswor to the problem, it was still ovident that the
most cambuotiblo mixture woo atill balng obtained too noa. the oxhaust
nozzlo for sombustion to be completed within the burner. Anoiher factor
prosibly contributing to combustion ocourring outside the buruor was
too great an ignition log. This soomod to boe o loglesl roason when the
perfarmance of tho burnsr was analyzed, This analysin ls discussed in
dotail in Anslysis of Rosults, At this point it {o enough to say that
becauso of tho high velocity of the mixturs through the burner at high
capacity and booause of inoufficient pressure within the burnsr, the
offoot of ignition leg ond slow flamo propagatlon were enouch to reotard
combustion so much that combustion could not be completed within the
buraor, Tho oimplo method of overcoming theso offoects wuld have toen
to longthon tho combuuuqn chambor until the tire for travel of the
mixturo through the burner wao long enough to allow combustion to bo
comploted within the burner. This howevor, was not ontirely dooirable,

It hod boen observed carlier that when combuotion waa oc-
curring outaido of the chambor, tho burner was in offoct anoting oo a
mixing chambor. Furthermore, if @ socondary combustion chambor waro
added po that tho mixturo formed in tho first chamber would ho dise
chnrgo;l into tho socond chambor where combustion could bo complotsd,

thg problem of ccmbuntion outoido the chambor would probably be climinnted.

—————"
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This arvangement secmed to havo many possibilities, Cloger analysio,

howovog, indicated that the disadvantages would overcome the edvaatages.

S0, the 4dea of using a socondory combustion chamber, although not

abaadoned, was definitely put in the buckground until future develop-

ments oould Justify ibm use,

The idea of a divided burnor, i.e,, one with a ;ortlon whors
combuption could bo startod and a portion whero combustion could bo
conpletod, soamod to bo b feasiblo and p;‘aobieal answar to the combun-
tion problem, howovor, Therofore, & precombustion chamber waa in-
corporatud into the combustion chamber. This procombustion chamber
wao formod by two conical cections placed with thoir bazos togothar,
The lower oune contained the fuol nozzle and air holos and was tha naao
alr-fuol wone uoed in previcus chombore, Alr ontored the precombus-
tion charbor through the air holes in the oir-fuel cono s.d formed with
tho fuol » vory rich mixture which was ignited by a epark zap placed
{n tho procomdbuction chambor, Tho dburning rich mixture wee then dine
chiarged through an corifico in the top of tho procombustion chralar inte
tho burner. Hero, moro air was introduced through tho vortical oir
slota in tho burnor and a vory combustiblo mixturo was formed and cnm-
buotion then proceaded in the burner.

In ordor to agsouro an adeguate oupply of air to the procom=
bustion chazbor and to anintalin a slightly highor prossuro than in the
burnor, soparate alr suprlico to the procombustion chanber and to the

burnor were installed. It wno also folt that separste air supplien
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ould ensble moro ncourate contrsl and otudg f the combustion chazber
prformanco. Tho air to tho precombusticn chamver was enlled the
Yprimary" alr and that to the burner, the "cecondary" air,

: Burner No., 4 wao used in thio rodesignod combustisn chanber,
It was sgain cupponded in the combsstion chamber with eolearancoe for
expansion, Secondary eir wan brought in on a lovel Just above the
ordfico betwoen tho procombustion chambor and the burnor, The performe
ance of this now cambustion chambor waa very gratifying; it coafirmed
the bellef that comploto cambustion within the burner could be obtalned
4f suitnble provielons £o» nmixing and ighition wore provided, namely,
the preconbustion chamber orranioment, This combuotion chamber was put
through a numbor of porformanco tests, Tho moximum capacity vae the
point of groatedt interost and tho object of the tasts wrs to do’ermine
thio capacity, Ignition could bo'accomplinhod rather well, Huwover,
in gtarting the oovration of the combustion chamber, the mixture ratio
was vory oritics Jifficulty in otarting wao oncountered unleas the
adxture wao near the rorroot value, Full capncity of the combuntion
chanbor was reached waen all tho alr that could bo suppliocd wns supplied.
After about .5 minutes of oporation at full cajaclty, tho burner failed
and performanco ccasod. Later inopection showed that tho upper portion
of the burnsr had aolted and had actually burned, The temperasture of
tho burror hod obviously been above 2800° F. Figure § 1o a photogreph
of turnar No, & ohowing the daasgge resulting from oparation at full

capacity, Although the performancas of tho combuotion chamber wns good,
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the langth of operation was limited by the fallure of the burner to withe
stand the high temperaturo reached in the combustlon process. Since
length of oporation was on important consideratlon, design of a now
burner was un dertakon in an attompt to ovarcome the trouble imposed by
tho high temporatures created in the burnern,

In viow of tho faot that ald previsue burners had beoen emace
of hoavy material, i.0., rathor mansive construction, and hed not proved
oapable of withstanding the groat heat within the burner, the possibility
of succesofully u=ing light gogo shoot etool seomed worthy of investiga-
tion. In additicnto hotter hoot transfor through the walls of the burner
{which would lowor the temperaturo of tho walls if tho condu~tod hart
were romovcd), grooter flexibility in toeign and ocasler fpahricalion
of the burnor could bo achioved by uee of light shoet stesl, JSince ths
procombustion chamber had proved succoanlul, {t wea agaln wesd in the
combustion chamber, Only the burner wan redesigned,

Thore wore four burnors of the samo gonoral design constrctod
and toated, The basic deoien wao deoignated so No, 55 ths modificitlons
woro clasoifiod oo a8, b, ¢, ond d. All of tho burners wora constructed
of 26 gago black iron., Tho basic dosign was s burnor composed of two
gections joined to form o oinglo unit. Tho lowor paoctien wis a per-
forated cylinder into which socondary alr ontored and mixsd with the

rich mixturo flowing from the procombustion chanbor, Tha upper rcoting

of the burnsr was the actunl combuotion opsco. It was »lightly ccnlcal



in ﬁﬁapo and extonded from tho purforated mixing section to Lha ox-
ligust nozzle, The two sootionn wore Jolned o form 8 single unit which
was suspended in the cenbustisn chambor in the oame manner ae burncr
Nos Ne The prinecipal differonce in tho burnors of this general dealgn
was in- tho lengtho of tho two soctions forming the burner., Theso di-
monvions wero varicd in an offort to fird Lhe bost proporticns f-r the
burner,

‘ Tho conotruction of tha perforated sectdon 12 rataer intore
cating. It was known that turbulonce in the aecondary alxing chamber
viould grootly empodite combustion, and olnce this wae nscesssry, a
mothod of croating turbulonce within the mixing portion of ths burner
wos devisod, Circular porforations woro used for the ontrunce of the
oir. In tho porforsotion procoss, hovaver, the blanks waso ~ut d-tschad
from tho sheet, of motal (which fermod tho walla), but rather wsro
partinlly out out snd then foldsd out from the plane of the met:d sheat,
. In thios way the perforation blanko directced the flow of air cauaing tho

air to entor the burnor tangeatislly producing turbulence, Figure 6
in the Appendir showa dotell vicwn of tho porforated seotion of the
burner,
In burner o, 55, the two pections woroe Joinod by sarews in
thres placos, lonving a omall air gap botwoen tho pectionn. A Jino
. of holes was drilled around the top of the burnor Just undor the axhaust

nozzle to allow soms of thoe socondary air to flow ovor the w:lls of the

» i,




2l
burner to ocool thom and then enter the burner just shead of the ox-
haust nogzle., Testa on this burnsr proved it to be very unsatinfsctory
A "hot epot? dovolopod at the air gep whoro the two ssctlons of tho
burney were joined and the burnor was badly damaged, Pigurs 7 4n tho
Appendix is a photograph talon of the burner after it had been in op-
eration at full capocity about five minutos. Tho hilure al tho alye
gep indiostod that the mixturo for bast hont relosse was being formed
at the air gep, Tho mixture should hzve baon ostablished in the mlxdng
portion so that combuesidon could bave taken place throughtut the burnor
rather thon st one place in tho burner,

Burnor Ho. 5b had & shorter mixing oection than Ne, S5a,
In addition, tho two sectiono were woldod togother so that thero ene
no aivr gap. This burner alse had a lino of alr holeo around the top
60 that air oould flow over the outsido of the walls and cool them,
The tests on this burnor wore vory informative although the jorfarmanco
of tho burner was far from eatisfactory. Altur gbout five minutca of
full capacity operation, tho combusti~n chambor cousod to operato
proporly, 1.s,, tho oporation could no longar bo controlied, Later
inspection showod that tho burrer had bosn burned away in the roglon
of tho air holes at tho top. As in the provious burnor, it woo ovidsnt
that proper mixing wna not boing obtainod in the mixing portion of the
charmbo.,  In both cases, nir éntering in tiie combustion roglon of tho
burnor had oreated a mixture rolessing onormous ausntitios of heat in

s small volumo, It was obvious that until proper mixing was achiovod



Birner wuld produce & *het spot”, Figure 8,,1n o photograh
of burner No. 5b, texen aftor its felluro,

iﬂxngr No. 50 wos doodgnod with the hepo cf overcoming the

diffioulties previounly encountered, Sineo ne long o spoco 3o poenihla
vas needed for combustion, the mixing portion of the burner wes shortoned
still more, Bocauso it was shortencd, more alr holes were sd ed in

order to admit the sgue amount of air, HNo holes were drilled sround
the top of this ohachor to adlow air to flow over the burnor, bosause
of provicus experionce vith tho alr holer The resulte obtoinad with
thins burner wore cbout what woro expocted, After about threa mintes

of operstion at full capacity, the dburnor failod, An examination of

the burner showed that it hod boen sevorely damaged. The usrer pertion
whore coobustion ccourred had moltod and burned slmost boyun? recegni-
tion indicating oxcospive temporaturos over cults s region in the durncr.
It wos obvioun that lask of sir circulation over the surfasoe of the
burnor had promoted the destruotion of the burnor. This was definite
proof that air circulating ovor tho unllo of tho burasr could be bonoc
ficlal in cooling the walle. Pigure 9 in tho Appendix ia a photograph
of the burner showing tho dotoriorition affected during oporation,
Since none of these Lhruoe burners had proved entiroly successful, s
major design change was felt to bo noceosary,

The banie principal of tho three previcus burnops was

bolieved to be worth rotaining, however, These burnors had shown
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beyond any doubt that combustion could bo completed within the burner

if proper mixing of thoe ohargo wore achisved near the sntrance to tho
burner, Furthermore, the procombustion chamber and tho mixing portion
of the burner hed functionod well {n cach of the three cgoos, fThe
sinplicity of design and eazo of fabrication of the burners usud before
made the further use of the basic deslgn atiractivo,

Burner Ro, 5d was vory similar to tho othar threo burnero
of this soriss, The porforated scotion was 6 inches {n lengih ard the
combustion portion was 6 1/2 inchos long. No holos were drilled arvund
the top for cooling. Tho combustion chacbor design was changed cone
oiderably. In previous chamdera *the secondary zir was brought inte
tho air space around the burnor at tho bottom of the burner. I¢ had
bean brought in in an axial direction., Thig wan changrd so that it
could como in at thio posoition in the charber but in a trngontisl
direotion, 1In addition, arrancemomts tore msde 50 Lrat jart or «°1 of
tho soaondary oir could bo brought in ot tho top of thy combtusiicn charber,
Control valves woro provided soc thot tho amount of air brengit In at
oach position could bo controlled. Tho air entered in a tungenticl
direction. By bringing the air in at the top of tho combustion chasber,
the air pagssd ovor tho burnsr walle on ita woy to the mixirg charher
thus cooling them. Figuro 6 ohows a cross soction viow of tha entire

cozbustion chamber assombly ao well as doteil viows of tha burnar ard

the air inlets.
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A nusber of tosts were porformed on 4his burner and al) of
thox wore vary ensouraging, The burnoy was operatod at full capacity
ene fiunber of oocasions for poriods of time ranging from five minutes

£ mi‘m‘hfinutu. Tho burncr showed evidonsa of high tamporatures

sncoutiterod, but it wae not demaged to the point of uncloosnoss. Al-
togsther the burner was oporated for about 45 minutos, Flgwro 10 ip a
ghotograph of tho burnor taken aftor ite operation, Combustion oce
ourred within tho chamber and high heat rolespo rates were obtalned.
All of tho seconcary air was deldverod at tho top of tho combustion
chanbioy in order to get the maximum cooling effost an the burnor,
Reasonable fueleair ratios wore mainteined during oporation. Tho pore

formance of this burner ic oxplained {a detall by tho roeults givon in
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Table 1 ond by tho discuosion in Annlysie of Results,

VI, ANALYSIS OF RESULTS

. It wae pointad out in tho latroduction that tho design of a
combustion chambor onteils o considoration of tho dealred porformsnce
charactoristion, on analyais of tho factors affecting theso perform-
anco characteristics, and o coordination of theso factora in such a
mannor so to produce the dosired porformansd characteriotics, ¢hon the
investigation was firot startod, faow of the factors affocting porfr.rm-
ance wero knowmn, Howover, as the investigation proceeded, mors hocamo

known, snd mousuros wore takon to sotisfy the restriotions imposcd b-

thea,
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: The desigaing of a combuation shambor scoms relatively slmple
: bﬂ.ﬂb thought. The raquirements are simply a chamber in which com-
bustion can osour, a surply of fuol and a supply of sir. ‘Whon the
investigation wes first sterted and Jittle woa known about the probloms
conneoted with hizh hoat-relosso rates, tho combustion chombers wore
indeed aimple affairs. In an oarlier repert on the sudloct, Progress

tical rimant, nvoatligation of Job Fropulalon

Bovicea, a detalled account wao given of the stops Anvoivod und dife
ficulties encountered in the dooign of a ;;metionl chambor, Ia the
early work, the principal gosl was to work out a besic dooign for s
aaxhustion chambar, a dosign which could be used for study so that the
probless of combuastion and combustion chamber performance could be
analyzed and {sprovod, Tho work was ocuccosaful {n that & besle dosign
was worked out.

Thie later invostigation concornod tho ctudy of tho comtustion
process, control of the varisble factora affooting combustion, and the
rofinement of the buaic design, In tho prolimlnary work on the problem
whon the baolc dooign woo hoing worked out, a number of probtlems woro
oncountered which woro both baffling and troubloseme, The two csusing
groatoetdifficulty warae tho dotorioratisn of tho burner by the intense
heat of the combuation procass and the tendency for c¢:mbustion to oscur
outside the turner, i.e, boyond the thrust nozale. The anowsr o the

firzt of these two problems scamd to bo oithor to find and uno a hest

resieting material or to cool tho burner so offoctivoly that it will
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ot be affectsd by the hest, Tho angwer to the sscond problam is mucn
nors complex, When the investigotion was first started, lLittls could
ba dons to daprove combustion until information pertaining to 1t were
gatherad and snalyzed, Thon somo very important facts beoeme known

and their influence on tho ovorall ploture bocame evident. Tho:e wero
othar considerations, of aourse, in the deoign of a good combustion
chanber, They wore, howsvor, sccondary to tho other two preblems moen-
tioned above, In this secondary clasaificstion wera connidoraticns of
oizs and proportions of tho chamber, oapacity of tho burne. for relensing
heat, consistenoy of porformanco, and starting obility, Theso were con~
sidored of secondary Aimportanso, bosauoc, slthough they wero important
in the final evalustion of a combuotion chamber, thoy wero not suiteble
eriteria for roting basic denigna., It wap folt that once & suitadle
basic dos'gn woro found, it could bo modified to moot utlor roquiruments
that wore desivablo,

Al) of the burnors designed and tcsted woro degigned with

the idea of tho burnor withotanding tho heat of sembustion foromoot .n
nind, The exporionco with the prsolain-section burnor indicatod that
the task of finding hoat rosistant muteriale wee longthy and probably
fruitloss. Inocuiries were mnde of oocpanics manufacturing alloy mstsls
and none oould suggest a matorial suitable for tho work, The fragile
nature of porcolain maco its use unnttraotive. Thorefore, cooling the

walls of the burnors wao the only sltornative,
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The water cooled burnor woo aot a camplote succesa, Never-
theless, it would soen to offor possibilitios, Control of the temperw
ature of the burnor wall would bo possible. It was noted durlng expor-
inents with this burnsy that wall tenporaturce hed a great offect upon
the combustion within the buwnor. Thus, a caertain amount of control
over combustion could be had by conbrolling burner wall tomperatures,
If watexr wore usod as a coolant, in tho short lived application of the
burnar this water could bo gonvorted to stoam in the cooling element
and thia steam thon injooted into tho burnor Just below the thrust nozzle
to increaso the mnes of gas axpanding through tho sozzle, This lnciroase
4n aaes would inorcaso the thrust of tho mozzlo, Thin iden soens to be
plousible in connootion with an application of tho burnor to the *flying-
bonb',

For buraers to bo uoad in aeroplanas tho complexity of a
cooling eystom containing hoot exchungers and porhapa ctorags tanks
and pumpa would ko undosirable. In this case th? obvicus msdlva for
cocdldng 4o air., Furthermoro, the use of the air for cosbuation io
loglcal, Thiz air would bo under presours and could bo dirocted nv a9
to flow nver the hoatsd surfaces before entering the burnor,

The laat combustion chasdor built and tasted incorporatod this
idea. The five procoding combuotion chanbers wars also designoed with
the idea of cooling the burnor by tho combustion air; these dealgno,

howover, wors rather crude ond inoffectusl, Combustlion chombor No, 5d

wao succoesaful and proved thot the life of the burner could bo prolonged
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by ébélihgﬁit-with the combustion air. Undoubtedly, future work on
éoﬁﬁuﬁtﬂ.@n chasdiey deaigns will produce refinemente alleowing more ef-
\ fostiva alr cooling of the burner,
The complote answers to the problams of combustion were net
obtained in this invostigatioh, Many lmportant facts concerning the

problems were learncd, howover, The problem of restricting combus®ion

to the burner wae the meat serious difficulty oncountered, The ime

B R

portease of thla problom should be recognized at once, Unleas com-

poid

bustion ls yootrictod to tho burner, the pui,ose of the ocwbustic » ohantor ie

‘mﬁsﬁf‘

y lost, 0y restrioting combustion to tho burnor, csntrel cvar combusion

and utilizntion of tho ccmbustion gneus sro posaible. Whor comduction
ocoura bogond the thruot nozelo, the fuolwair ratio han no significenco and
tho rate of heat reloass 4o meaninglessn,

A numbor of conditions wore found to affict cowbusting; theee

wore veloclty of chargo through the burner, prossure in the burna.,

-

conplotonese of mising of fuel and aeir, ond ignition lag. It 14 orally
undorstood how tho velocity of the chorge or mixturs through tho burnor
diroctly affecto the combustion process, If the velocity 1a too high,
tho tiwo availablo for combustion within tho burner ls less than tho
time nocdad for completo combuation, If tho velocity is too low, the
groatod capacity of tho combustion chamber can not bo repliged, Tho

ideal valocity would be such that tho tize for the mixture to travel

through the burnor and tho tims for the mixture to burn cocmplotely would

ey



rthe same,  Somo mothod of controlling velocities through the burner

uld e noceseary, because the time for combustioa would vary with

AHe fusleatr ratio of the mixturo, preseure in the burner, snd temper-

aturs in the burner, Although tho relationship betwoen volooity of

‘the éhargs snd the combustion procoes is known and hao boon lavestigated,

éﬁ@«iuk ot‘vwcoordlnating the two mas ba}"ond this atoge in tho investi-
gation,

The cuestion of copacity of the burner is of particulse in-
torest and importance, Ubviously, it 1s dosirable to burn as much fuol
as gomaible within the burnor, for tho greater the ousntity of fusl
buined the greater tho cuuntity of exhoust gases produced, Howover,
all the fusl must burn within the buraer or (hs advantago of groalsr
fuel consunption is lost, If cambuotion ootuwrs buyond tho exhrumt
oogele, thon tho additional fusl burncd abovo thet which zould bs burred
entiroly within the burnor doos not reprece ¢ an inernace in capuacity,
but rather it causos a decresso in thormal officloney of tho combustion
chamber, since the additional fuol does not produce exhnust g~oos which
can be utilized by tho exhuast nozale,

Purthormoro, tho ounntity of fuol that can be mixod with air,
ignited enoily, and burncd in the combustion chaaber, can not be taksn
as a sepsurs of tho offoctivencss of & combustion chambor deaign. The
only corroot wothod of rating a burner Lz by tho amount of fuel buruod
(or haeat ralensod) entirsly withia tho burnor, for ohly after the fusl

1s buraod can tho hot, oxpanding sxhaust ganos bo used,
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The fuslesir ratio of the mixturc is a factor in the ccu- -
bustion procega. The fuel-alr ratio affocto the rate of flame propu-
gition and also the ability of cumbustion to be completad within the
burner, 1If the mixturo is too lean, ignition lag becomos excesnivo and
" the- rite of flame travel is roduced, On the other hand if tho mixture
19 too rich, combustion ecannot bo comploted within the burner. The
chemically correct fuolenir ratio s sbout 0,0665, ithen mixturos much
richer than this aro used, it 40 incviteble that samo combuotion will
ocour outside tho burancr whore alir io available, It 1o dceirablo,
howover, to have a rich nixturo at tho point of fgnition, Then sufficiont
air should bo introduced into tho burner to pruduce as noarly ad poo-
oible the chomlcally corr. -t mixture,

It wns montionod in Contustion (rambar Studies that scro
ddfficulty wao encounterad with igniticn, Thia difficulty was in so-
curing an ignitablo mixture in the fucleair cono whoro tho ignitien
apark wos locatod, Tho timo avallable for igniting tho mixturo wes
vory short, so tho mixturs had to bo vory receptive to tho opork if
ignition was to occur, This appeured to be moroly a auostisn of pro-
ducing the right fuol-air ratio, but 0o much troublo waas exporiencod
that some pooitivo mothod of socuring ‘gnition wan doranded, Tho !‘don
of a precenbuotion chamber was tho ansvar. Tho original patent clalms
for the precombustion chambor as applied to tho comprossion ignition

engino aposk of the precombugtion chandbor g2 a method of ignition. A
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?ﬁb mixture ie ignited in the precosbustion chamber and dischu.ged
. -3nto the main chsmbor whore conbustlon tekeo place. The precombustion chambor
idoa was incorporated in tho combustion chambar deoign and proved
gi"uccautul. There 1o acne doubt as to why tho pracombustion chamber
improvea ignition. The probable answor Lg that by spraying the fuel
dnto » annll elosed opsco a highly ignitable mixture 18 formsd; then
by dischorzing this burning mixture through an orifice Inte moving ale
{n the burnor oxeceliant mixdng of the rich mixturs with the air la
achicvod end combuotion is complotad ropidly within the tu.ner,

It is important that oll of tho seconddry slr (air "o come
bustion in the burner) eater the burnor nuar the orifice from the
precombustion chambor, Otborwioo, comlustion will be delayed, perhepe
evon prevonted from belng complated in the burres,

It was found that tho cspacity of the burqor or the a~n ol
of fuol that eould be bur~acd waa o funclion of the prusgurs in ltho
burner. Aftor tho werming up poriod, the pressure in tho burrur had
. to bo ‘noroasod bofore an eppraciable auvantity of fuel eould b~ burced,

This mado tho alzo nf thy exhaust nozzle critical, because tha 2§20 of

oxhauet nozelo doterminad how much pressuro cold bo bullt up in tho

AN

burner, Tho roasuna for tho offuct of prescurd upop combustl-n nre not
furly known, 1t seems ;robgble, howovor, that presourc in the burrosr .
ie an indox to the weight of air in the bwner. Tho waight ~f fusl Lhat

can bs burnod 1o, of course, dersndant upen the wol ht of alr avsiladble,




" Tlie Kiigher tho pressure in the burner tho greater the weight of air

and the greator the woight of fusl that can bo burned. There is a limit

to ths pressure that can be used, howover, oince L * ailr for combuse

tioh must be comprossed, This limiting prosourc 4s that prescure which
to obtain will reouirs more work from the comprensor than con be real.
4zed from the additional fusl burnod bucauso 3£ the inoroass in proge
aure,

It also sooms probeble that combustion ie improved by highar
prossures in tho burnor bocouse tho rate of flame truvel increapos with
proogure. This 4o becouse tho mixture 18 more denge ang bottor mixing
has takon place by discharging frum the precombustion chamber fnto
the more donee alr in the barnsr,

The finsl combustion caamber deolined und testad wuo desipned
with tho facts discuopod L 'ig anction dn mind, The jerloraonce cf
this combuotion clamber wao ga  fylng becausa it substantiated mont
of tho thoories propused rogn: '‘ng the ceslgn and performance of a high
hoat-roloase cambustion chambur. By co:ling tho burner wells with the
combuotion oir tho life of tho bu nor waos longthoned; the procombustion
chanbor provided offective starting as woll &s good ignition of the
chargo; tho combustion chambor was operated at rosr-~nable fuolesir
ratioo; combustion could be restrictoed to tho burnoer; and all of theso
wore accomplishod without using special materials, high presouros, or

dogreasing the hoat-rolosse rate,

S ——
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As shown in Table I, the final test or this chamber gave
& heaterelonse of 21,600,000 B/hr por I‘t3 of standard atmovphoric wir
in the burner. The chambor operated at a fueleair ratio of 0.07389;
&lthough it 4z on rich oide, very little combuation coourred outaide
the exhaust nozzle. Sinve the fuel-air ratio was on the rieh side,
the hest rolenoe of 21,600,000 B/hr i‘t3 is slightly high beoause somop
of the combustion had to toke place in tho outside ztmosplore. Clven
aloo iu Table I are tho hent roloases assuming a chemically correct
fuol-alr ratio and all the air used for cambustion, These hest re~
loases are more noarly corroct,

This cambustion chamber donign 40 capuble of refinessnt and
improvament. Stainless otcols would bo much bottor for burncrs ard
oixing chambaro, Botter distributlon of alr to the burner would fmprove
nixing and combustion., An sugmontor type of dovice was ured on chorlar
No. 50 as ohown in Fig, 6 to cool tho exhs .ot nozzle, # ¢ooab o) cf
work romalns to bte done on this part of the apparalus, Optimum sice
antd shape of tho nozzlo should be dotermined and here too stalnlesa
otosl could bo used to sdvantage. Tho problasc! fuels for suzh a com-
bustion chambor has not boon investigated. Thorough tests of various
gredog of fuel oil, koroaene, and gasoline chould bo made, The uuostion
of optimun prossuros in both tho precombustion chamber and the burper

{9 at prosont unanowored, All of theso can be answerod only by future

invoatigation.
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The burners that wore constructed and tosted in this study

VO 810 ocapacities for burning large quantities of fuel por unit of

conbustionwchamber volumy, but the temperatures attaincd by tha tetal

¥alls, when operating at high ratan, were, oxcesolvo, Attom.ts to cool
the burner walls by air circulatisn of otherwise wero ouccossful in
prolonging the life of tho burnora. However, complete immunity to
the high tempuraturas was achiovor only by conling to the point whare
combustion wro urentiafectory, It bocamo evideat that nep-volatile
fuols recuire extramsly high burner-wall tempsratures if ve, :rlzuticn,
dgn'tion, end mixing with air are to bo offectsd 4n the short timo al-
lomnble in a burnor of this type,

The precombustion chamber typo burner usad in tre ~ 2t poont

tests appours to offar a solution to ot least o gorticn f tho yroh'my

by spoeding up the charge preparation procosses. I-it'al mix.ng, jartial

vaporization, and ignition of tho rich mixture foraod ln the proc - me
buotion chambor, end its subsoquent dischargo at incroasad voloolity
into the main chambor result in moro rapid combustion, Scc.ndary alre
introducod with axial owirl around this jot of burning fuel carrirs
coxmbustion to campletion in a o!orter epoce than vhon tho liruid is
epraycd directly inte the burnor propor,

Sy mony varisbles are involved in this two-compartment ’burner

that considorable oxporimontation 1o nocessary to ostablish optimm
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{%e ut conneoting orifice, ratio of chagber volumss and nizo of outlet
nozsle all affeot porformance and must bo coordinated to produce bast
results. It i» possible that the parforated inmner sloeve can ba modifiod
to the extent of reduoing it to a short baffle gt the secondary air
inlet.

It appoars likely that this construction can be a;ilied te
a Jot angine advontogeously by forudng a aingle annular conbustirn
choamber conbtinuvusly surrounding tho compressor. The annulnw ehnsber
formod by two concentrio oylindrical malle would provide considernbly
more combuotion-chazbor volume in tho same oversll vpace than the total
of the soparate oylindrical chambaro .ov usod hocause 1t would inelule
tho intergtices now wastod. Tho socondn.y air, Lf intrcducod with s
cipoumforonticl compenont of volocity, wirnld jrodi~e a ardrai’'y rotatlirg
flame that should roadilv mix the »slr <th the unburned fuel and bring
combustion to eompletion within the burnar,

An appropriusto number of proconbuntion chaembers, arrsng.d
around the front end of tho annular chamber, would intred.2e Lho mixture
of fuol and primary alr into tho socondary alr in the main chazher »ell
proparsd for burning, Tho incroasod cembustlion-chamber vol ime and
decronsed wall aroa should improve combustion, whilo the ele Liflad
conotruoticn in the hottaot regiot. choild jrove longor Yi/ed thar the

eoparate burner arrangemont
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The advantages offored by an snnular burner of thia sort,

1f the dotalls can be worked out, are obvicus, The poesibility of
parfecting tho dasign appoars to be great onough to justify Curther
sxperimentation,
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VIIL. APPEROLX

{a) Tabio I

(v) Computations

(¢) Photographo, Drawings
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Snmple Comutations
3
Procombustion chambor vOlUmMO & « « v 4 o o 4 o « o » 0,046 £t

Buroer volume . . . « . . . ........,...0.0355rt3

Correcting theae volumms cf aly to volumss st atandard conditiono
(60°F and 29.92 in.He).

Exsconbustion chezbey
=52,2 in 6 F
V°-0.00146x-2-9-§-6%-m-:.g§x m
3
70-0.00956“
NEnY.

Oin Heg . 60 F
Ve ® 00355 x %.‘9‘2!1“&"9&. X0 F

3
Vc « 0,0378 ft

Total eorrected volume = 0,04L73 I't.3
Using Bureau of Stendsrd approximation for hestiny »olvo ¢f fuel -
H.V, » 10,690 » (API - 10)36
H.V. @ 18690 ¢ (37 - 10)36
H.V. 2 18690 + 972 = 19,657
Use H.V. 83 19,600 B/2b,

ost

Heat release & 19,600 x 54 ® 1,060,000 B/hr

Hoat rolease per n3 of standsrd air in burner,

5 Ms - 22,400,000 B/hr ft
‘. 0,0473 1t

vt
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Beat release » 19,4600 B/1b x 52 lb/he
Heat relesss o 1,019,000 B/hr

Heat release per tt’ pf cowbustion chamber volume

Beat relesse » m, B/hr » 21,600,000 B/hr £
0.0473 £t

Assuming F/A of 0,0665 and that all of the alr in the burnor is utilisod
for combustions

iutl
WL, of air » 383 lbs/hr
W, of fuel & 333 x 0.0655 » 25,5 1lbn,
Heat relesse B 19,600 x 25.5 » 499,000 B/hr
fleat relesce per ﬂ'.3 of atandnrd air in the burnor
3
&32&9.&/52: v 10,550,00% B/hr ft
0001073 & .
Test 2

Wi, of alr v 683 lbe/hr

Wt of fuel = 683 x 0,0665 s 42,5

fleat relesso = 19,600 x 42,5 @ 833,000 B/hr,

fAeat release per n’ of standard air in the burner.

922.@_291: s 17,600,000 B/hr n3
0

«0L73 £t

——



Pege 1: Bupnsy Ho, 1 showing
procolsin conter sectisn and
popfsratod mixdoy sootinn,

Flg. 29 Burnor Ho. 2 chowing

tho muter cooled sootion avurt id

bebwoon the mixing seotion und
the upper burner eoction.
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Fig, 3: Viow of burnor No, 4
bofove being tested showing
tho dosign of the burnor,

o L T

Pig. 51 Viow of tarnor No, )
after boing tzsbed, Thia chown
the dsmege nflicted va the
burner by Lhe high bemporatures
in tho burper,
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